We present a theoretical study of the induced transient birefringence of a low density homogeneous molecular gas in a resonant pump-probe experiment. The molecular coherent state induced by the resonant pump field is described by second-order perturbation theory. The induced birefringence can be detected by a delayed probe pulse propagating through the molecular medium after illumination by the pump pulse. In the case of a nonresonant probe, the birefringence is linearly proportional to the mean value of the electronic polarizability of the molecular gas. The birefringence signal is composed of distinct components due to population change and those of rotational, vibrational, and mixed vibrational-rotational origins. This is demonstrated by numerical simulations on Li 2 gas. Moreover, the quantum beats contained in the birefringence, as a function of the time delay between the pump and probe pulses, is dominated by the pure rotational motion. Finally, the birefringence is sensitive to the shape of the applied pump pulse and dependent on the spectral phase of the pump pulse.
I. INTRODUCTION
With the advent of intense ultrashort laser techniques, coherent molecular dynamics has become a very active area of research in the past decade. For example, femtosecond laser pulses are capable of creating and interrogating new molecular rovibronic coherent states, 1, 2 and thus can be very valuable to the understanding of both photophysics and photochemistry. Much effort and progress in both theory [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] and experiment [13] [14] [15] [16] [17] [18] have been made to properly design and shape laser pulses for control of chemical reactions and selective excitations.
The coherent molecular state dynamics created by strong short laser pulses usually lies in the nonlinear regime [19] [20] [21] [22] and relies on the underlying molecular electronic, vibrational, and rotational motions. Two-photon transition processes are among the simplest nonlinear optical phenomena in molecular dynamics and have been widely studied experimentally. For example, pump-probe experiments have been developed to study time-resolved molecular dynamics for a wide variety of systems. [23] [24] [25] [26] [27] [28] In a typical pump-probe scheme, an intense short resonant laser pulse is first used to pump molecules through a second-order process, and a weak laser pulse is then applied to probe the newly created coherent molecular state through the third-order polarizability. A number of probe methods have been developed to measure different quantities to obtain molecular dynamics information. For example, time-resolved absorption spectroscopy has been employed to detect molecular vibrational relaxation in the condensed phase; 23, 24 polarization-analyzed fluorescence spectroscopy has been used to study molecular vibrational-rotational dephasing and pure rotational coherence:
25͑a͒ vibrational phase decay has been observed by time-resolved coherent anti-Stokes Raman scattering techniques ͑CARS͒; 29 and low frequency vibrational modes in solids have been studied by impulsive-stimulated Raman scattering ͑ISRS͒. 27 In particular, Chesnoy and Mokhtari proposed an alternative to probe molecular vibrational relaxation in solution by measuring time-resolved birefringence and dichroism. 28 In their experimental setup, the induced birefringence and dichroism can be detected separately with high sensitivity ͑10 Ϫ5 ͒. In this paper, we consider the coherent dynamics of a low density homogeneous molecular gas created by resonant pump pulses. The dynamics is studied through the induced birefringence using a weak nonresonant probe laser. The dynamical and optimal control properties of the birefringence of a molecular gas under nonresonant pump and probe pulses have been explored previously. 8, 13, 29, 30 In the nonresonant pump case, the transient birefringence manifests itself as a change of pure coherent rotational motion associated with the ground electronic state and only depends on the temporal intensity profile of the pump pulse. In contrast, resonant pumping produces a birefringence signal dependent on the vibration-rotation evolution within each electronic state and the complex electric field. The resonant pump laser can induce multiphoton transitions between various rovibronic states. Little is known about the properties of the induced transient molecular birefringence resulting from a resonant laser pulse in molecular gas phase. The purpose of this work is to explore the nature of such potential resonant pump-probe experiments, which in turn may lead to their ultimate realization in the laboratory, with the aid of the optimal control studies, [3] [4] [5] [6] [7] [8] to effectively manipulate molecular rovibronic motions.
The rest of the paper is organized as follows. In Sec. II, we present a general formulation of transient pump-probe birefringence as well as dichroism for a low-density homogeneous molecular gas. We consider the condition that the pump and probe pulses are well separated temporally. The coherent molecular state created by the resonant pump field is described by a second-order perturbation solution for the density matrix. The birefringence and dichroism are studied by examining the propagation of the delayed probe pulse through the molecular gas after illumination by the pump field. We show that in the case of a nonresonant probe, the birefringence is proportional to the mean value of the molecular electronic polarizabilities. In Sec. III, the formalism is illustrated by considering Li 2 gas with the resonantly coupled electronic states 1 1 ⌺ g ϩ (X) and 1
1
⌺ u ϩ (A). All relevant vibrational and rotational transitions are explicitly taken into account. It is shown that the birefringence can be unambiguously divided into components having a pure rotational, pure vibrational, and mixed rotational-vibrational nature. Furthermore, we examine the effect of the shape of the pump pulse on the induced birefringence. Finally, some conclusions are given in Sec. IV. Atomic units are utilized throughout this paper except in identified places.
II. THEORY
We consider a low density homogeneous molecular gas initially at thermal equilibrium. Only two electronic states, denoted as a ground state X and an excited state A, are considered as coupled by the pump field. The BornOppenheimer approximation is assumed to be valid. 31 The pump pulse is polarized along the z axis, propagates through the gas along the y direction, and is written in the following form
where p is the carrier frequency, k p the wave number, and A(t) the envelope of the pulse whose duration T p is much shorter than molecular electronic relaxation times. Finally, we assume that ͑i͒ the pump field carrier frequency is resonant with the X -A transition; ͑ii͒ the molecular gas is optically thin so that the pump pulse is not modified by the gas and thus all of the molecules experience a pulse of the same functional form A(t). Under these conditions, the governing equation for the density operator I (y,t) of the molecular gas at the position y in the interaction representation and within the electric dipole approximation is
͑2.2͒
where Ĥ 0 is the field-free Hamiltonian, T m the gas temperature, and k B the Boltzmann constant. The Hamiltonian Ĥ p (y,t) in the interaction picture is given by
where zI (t) is the molecular electric dipole operator in the same representation. We next apply a probe pulse to the nonstationary gas after the illumination by the resonant pump pulse. The input probe pulse, with a delayed time ͑ϾT p ͒, is polarized in the xz plane along the 45°polar angle and propagates along the y direction. This input probe pulse can be represented by the form
where B 0 is the amplitude function at the edge of the gas, i.e., yϭ0, and centered at . b is the carrier frequency and k 0 ϭ b /v is the wave number with v being the speed of light in the host medium. The propagation of the probe pulse through the molecular gas is influenced by the nonstationary molecular polarization induced by the pump pulse. If the carrier frequency b is resonant with the molecular electronic transition X -A, the amplitude of the probe pulse can be changed, becoming either smaller or larger depending upon whether absorption or emission takes place. Moreover, the propagation of the probe field can become dispersive. In a nonresonant situation, however, only the dispersion of the probe field can take place. Specifically, the propagation of the probe pulse ⑀ ␤ (y,t), ␤ϭx,z, in the gas along the y direction is governed by the Maxwell equation
where N denotes the molecular density and P ␤ (y,t) is the induced response polarization of the molecular gas at the position y with respect to the probe field and is expressed as
Here bI (y,t) is the response density operator of the molecules interacting with the probe field. Since the probe field is weak, it is assumed that the molecules only linearly respond to the probe pulse. Thus, the response density operator can be described by
where I , given by Eq. ͑2.2͒, is the molecular density operator under the resonant pump field. The interaction between the propagating probe pulse and the molecules is written as
Through Eqs. ͑2.2͒ and ͑2.5͒-͑2.7͒, we have established the relationships between the pump field, the nonstationary molecular state, and the probe field. Operatively, a resonant pump pulse first generates a coherent molecular state and induces anisotropic dynamical polarizability in the molecular gas and, subsequently, a delayed probe pulse propagates through the newly excited molecular medium and undergoes both magnitude and phase changes. These changes can readily be measured through observation of the induced birefringence and dichroism. The latter measurement is possible only if the probe pulse is resonant with a molecular electronic transition. To relate the evolution of the coherent molecular state caused by the pump field with the experimental probe measurements, it is essential to solve the Maxwell equation ͑2.5͒ for the propagation of the probe pulse.
A. Resonantly pumping molecular state
The molecular state in the presence of the pump pulse is described by Eq. ͑2.2͒. Assuming that the pump field is not too strong, we can take a perturbation approach and expand the density operator I as
where I (n) ͑nϭ0,1,2,...͒ represents the nth order density operator corresponding to a dynamic process of n pump photons. Specifically, I
(0) stands for the field free thermal equilibrium state, I
(1) describes the linear response, and I (n) , nу2, characterizes the nth order nonlinear transition process.
Observation of the molecular dynamics due to different optical pumping orders n, in general, requires different probe techniques. 32 However, it is known that the molecular electronic transitions of odd order do not contribute to the propagation of the probe field. 19͑b͒ We assume that the pump intensity is not sufficiently high for the fourth-and higherorder transitions to be important. Therefore, we shall only consider the dynamics generated by the pump field up to the second order term in Eq. ͑2.8͒.
The matrix elements of the zero-and second-order density operators can be explicitly expressed, respectively, as
Here ͉͘ denote the eigenstates corresponding to eigenvalues E of the field-free Hamiltonian. These states include the electronic states X and A, and the molecular vibrational and rotational levels. Equation ͑2.9a͒ describes the Boltzmann population distribution of the molecular initial state at temperature T m . The diagonal elements of ͉͗ I (2) (y,t)͉͘ represent the population changes of the corresponding rovibronic levels by the resonant pump field, while the off-diagonal elements of ͗Ј͉ I (2) (y,t)͉͘ represent the coherence created by the pump field between the levels ͉Ј͘ and ͉͘. It may be shown that for a resonant pump field, under the rotating wave approximation ͑RWA͒, 33 the matrix element ͗Ј͉ I (2) (y,t)͉͘ has the following three properties: ͑i͒ its value is zero if ͉͘ and ͉Ј͘ do not belong to the same electronic state X and A; ͑ii͒ the matrix element is independent of molecular position y; ͑iii͒ ͗Ј͉ I (2) (t)͉͘ ϵ͗Ј͉ I (2) (T p )͉͘ for tуT p . In general, ͗Ј͉ I (2) ͉͘ for Ј depends on the amplitude and phase of the electric field ⑀ ␤ (y,t). However, in the nonresonant pump case, it only depends on the temporal intensity profile of the pulse A 2 (t).
B. Linear response polarization
We shall evaluate the linear response polarization given by Eq. ͑2.6͒, which is needed to solve the Maxwell equation ͑2.5͒ for the probe pulse propagation in the nonstationary molecular gas. Without loss of generality, we assume the following ansatz for the propagation of the probe field:
where the complex amplitude B ␤ and the wave vector k ␤ are to be determined. Using the results for the density operators generated by the pump field given in Eqs. ͑2.9a͒ and ͑2.9b͒, one can write the linear response polarization as
where the nth order polarization can be written as
͑2.11b͒
We have made use of the following two relations: ͉͗ x ͉Ј͘ϭ0 if ͉͘ and ͉Ј͘ have the same magnetic quantum number and ͉͗ z ͉Ј͘ϭ0 if ͉͘ and ͉Ј͘ do not have the same magnetic quantum number. Substituting Eq. ͑2.10͒ into Eq. ͑2.11b͒ and after some algebraic manipulations, one can obtain the relation
where
is related to the temporal nth order electric susceptibility ␤ (n) (t,s) taking on the form
It is instructive to reformulate Eqs. ͑2.12b͒ and ͑2.12c͒ in the frequency domain. By introducing the Fourier transform
we can rewrite Eq. ͑2.12b͒ as
where the nth order susceptibility ␤ (n) (t, b ϩ⌬) in the frequency domain is defined as
͑2.14b͒
In the linear case, i.e., nϭ1, the expressions of the susceptibility in both the time and frequency domains can be simply recast as
͑2.15b͒
By taking into account the symmetry of the molecular rotational states, one can show that
Thus, for a molecular gas initially in a thermal equilibrium state, the corresponding linear response susceptibility is isotropic.
C. Propagation of a probe field
In Sec. II B, we have derived an expression for the induced linear response polarization. To see how the probe field propagates in the molecular gas, one needs to solve the Maxwell equation ͑2.5͒, in conjunction with Eqs. ͑2.11͒ and ͑2.12͒. Noting that the probe field is explicitly involved in the expressions of P ␤ (n) (y,t), nϭ1,3, the Maxwell equation becomes an integro-differential equation that is difficult to solve under general conditions. In the present case, we assume that the molecular gas is of low density and optically thin, thus, implying that
Moreover, we assume that the experiment is set up to detect the output probe field only around the frequency b with a narrow spectral bandwidth, i.e., ⌬Ӷ b , thus leading to the following approximation:
In this case, by neglecting slowly varying terms in the quantity P ␤ (n) (y,t) of Eq. ͑2.12a͒, the Maxwell equation ͑2.5͒ can be reduced to the following form:
where Q ␤ (n) (y,t), nϭ1,3, are defined in Eq. ͑2.12b͒. Utilizing the expressions of the Fourier transform for B ␤ and Q ␤ given by Eqs. ͑2.14͒ and ͑2.15͒, we can reformulate Eq. ͑2.18͒ as
͑2.19͒
By comparing the magnitude and ordering of terms on both sides of the equation, one may arrive at
The solution of the above equation is
where ␥ϵ2N b 2 /kv 2 . By taking the inverse Fourier transform of Eq. ͑2.22͒, one arrives at
Combining the results given by Eqs. ͑2.20͒ and ͑2.23͒, one finally obtains the solution of the probe pulse propagating through the molecular gas:
From Eqs. ͑2.20͒ and ͑2.24͒, it is seen that the wave number of the probe field k is determined by the linear susceptibility of the gas and is isotropic in the xz plane. The pump pulse inducing the third-order susceptibility of the molecular gas is anisotropic and the real and imaginary parts of ␤ ͑3͒ , ␤ϭx,z, give rise to the dispersion and absorption of the probe field in the ␤ direction that can be, respectively, expressed as
Both the induced birefringence and the nonstationary dichroism defined by ( z Ϫ x ) and ( z Ϫ x ), respectively, can be measured separately and observed directly with the methods proposed by Chesnoy and Mokhtari.
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The formulas given in Eqs. ͑2.12c͒ and ͑2.14b͒ are applicable to both resonant and nonresonant probe fields. It is usually tedious to evaluate the third-order susceptibility by directly using these two relations. However, in the case of a nonresonant probe that obeys the conditions ͉ eeЈ Ϫ b ͉ӷ vib and b ӷ vib , where eeЈ and vib represent the electronic transition frequencies and the pure vibrational frequencies, respectively, these formulas may be written in a simplified form. As a result, from eliminating the very high frequency terms in ␤ (3) (y,t, b ) by averaging over a time span, T, over several fast oscillation cycles, we can readily derive the following expression:
͑2.27͒
Furthermore, by neglecting the energy spacings between the rovibrational levels in the same electronic states, and making use of the conventional definition of the dynamical electronic polarizability, 34 i.e.,
͑2.28͒
where ͉e͘ and ͉eЈ͘ denote the pure electronic states, which are nuclear coordinate dependent, and eЈe are the excitation energies between ͉e͘ and ͉eЈ͘, one can arrive at
It is seen that under the nonresonant probing condition, the nonstationary dichroism is negligible and the nonstationary birefringence, measured at the position yϭL and the time tϾT p , can be evaluated as
where we have made use of the property:
III. TRANSIENT BIREFRINGENCE OF Li 2 GAS
The purpose of this section is to explore the transient properties of the induced birefringence of a molecular gas under a nonresonant probe field and to examine the effects of the shape of the resonant pump pulses on the induced birefringence. In the following material, we present numerical simulations of Li 2 gas considering only two electronic states 1
1͒. This is an ideal potential system for illustrating the formulations in Sec. II. The Li 2 gas can be readily obtained in the laboratory by vaporizing Li metal, 35 and at the temperature 1000 K, the number density of Li 2 is approximately 10 12 /cm 3 . Moreover, the potential energy curves, 36 the electronic dipole transition moments, 36, 37 and the electronic polarizabilities 38,39 of Li 2 are well known, and the electronic transition between the ground state 1 1 ⌺ g ϩ (X) and the excited state 1 1 ⌺ u ϩ (A) can be resonantly induced by a dye laser with a carrier frequency ϳ620 nm. 40 It is noted that this frequency may be also resonant with the transition 1 1 Fig. 1 and , the ratio of the rotational population distributions of Li 2 in the odd quantum levels and in the even quantum levels is 5/3. 42 At the temperature 1000 K, only the ground electronic state 1 1 ⌺ g ϩ (X) is initially populated, and the population distribution in the vibrational levels decreases as the quantum number n increases. At this temperature, the maximally populated levels for the even and the odd quantum numbers are lϭ22 and lϭ23, respectively.
In the case of the nonresonant probe field, we have shown that the induced birefringence can be calculated by Eq. ͑2.30͒, where the parameters involved in ␥ and L depend on the detailed conditions of the experiment. For convenience, in this paper we only calculate the quantity ⌬(t, b ) ͑in atomic units͒, i.e., the induced susceptibility, which can be viewed as the birefringence under ␥Lϭ1 rad/a.u.
For a linear molecule, ⌬␣ϭ␣ z Ϫ␣ x ϭ 1 2 ͑␣ ʈ Ϫ␣ Ќ ͒ ϫ͑1Ϫ3 cos 2 ͒, where ␣ ʈ and ␣ Ќ correspond to the polarizabilities parallel and perpendicular to the molecular bond. In terms of the basis set of ͕͉enlm͖͘, it can be shown that the induced birefringence of the linear molecular gas can be decomposed into a pure population change term, a pure rotational term, and pure vibrational and mixed rotationalvibrational coherence terms for each electronic state, 
͑3.7͒
It is seen from Eq. ͑3.2͒ that the contribution from the ground electronic state population change to the birefringence is negative due to the overall population decrease in the ground electronic state under the resonant pump field whereas that from the excited electronic state population change is positive due to the overall population increase. Both contributions remain constant after the pump field vanishes. The expression of Eq. ͑3.3͒ for tϾT p is similar to the birefringence change we obtained for the nonresonant pump-probe calculations. 8͑b͒ The free evolution of the pure rotational coherence term ⌬ r (e,t), for tϾT p , is periodic with a period 1/2B e (e) and shows a regular beating pattern with a characteristic time 1/8B e (e). In addition, the rotational quantum beats switch sign at every 1/4B e (e) time period. Since molecular rotational constants of the ground and excited electronic states are usually different, it is expected that there are two sets of rotational quantum beats that could be observed in the temporal birefringence signal. Moreover, as indicated by Eq. ͑3.4͒, the free evolution of the pure vibrational coherent motion can be divided into groups in terms of the vibrational quantum number difference n. The nth group member ⌬ n (e,t) evolves with a carrier frequency [nw e (e)Ϫn(nϩ1) e x e (e)] and contains a regular beating pattern with period 1/2n e x e (e). We remark that since the molecular vibrational frequency e (e) is much larger than the anharmonicity e x e (e), pure vibrational quantum beats contain rapid oscillations that increase with k. Finally, it is easily seen from Eq. ͑3.5͒, that the mixed vibrational-rotational coherent term ⌬ rv (e,t) is not a periodic function of time ͑see Fig. 1͒ .
The evolution of the birefringence strongly depends on various properties, e.g., the shape of the pumping field. This is numerically demonstrated below. First, we consider a pump pulse with a simple hyperbolic secant shape having a full width at half-maximum of 75 fs ͓see Fig. 2͑a͔͒ , which can be generated in the laboratory. 13 Figure 3͑a͒ displays the calculated evolution profile of the overall birefringence, i.e., ⌬(t, b ). It is found that in the beginning the birefringence T e and D, represent the electronic energy and the potential well depth, respectively, n indicates the vibrational levels. These parameters for Li 2 are listed in Table I . p represents the frequency of the pump pulse, resonant with the 1 1 ⌺ g ϩ (X) and 1 1 ⌺ u ϩ (A) transition.
FIG. 2.
Three pump pulse amplitudes with the same carrier frequency of 620 nm, but of different shapes: ͑a͒ a hyperbolic secant pulse of FWHM equal to 75 fs; ͑b͒ a square pulse with cosine edges and a FWHM equal to 0.968 ps; ͑c͒ an odd pulse obtained from the hyperbolic secant pulse in ͑a͒ ͑Ref. 13͒.
FIG . 3 . The induced birefringence, as a function of time t, for Li 2 gas excited by the hyperbolic secant pump pulse shown in Fig. 2͑a͒ : ͑a͒ the overall birefringence ⌬(t), where the labels A, B, and C refer to the three major groups of quantum beats resulting from molecular rotational coherent states associated with the electronic states 1 1 ⌺ g ϩ (X) and 1 1 ⌺ u ϩ (A) and the molecular vibrational coherent state associated with the 1
, and ⌬ v1 (1 1 ⌺ u ϩ (A),t), respectively; ͑b͒ the pure population change terms ⌬ p (e,t) for the 1 1 ⌺ g ϩ (X) and 1 1 ⌺ u ϩ (A) states, respectively; ͑c͒ and ͑d͒ the pure rotational coherence terms ⌬ r (e,t), for the 1 increases from zero and then reaches the first peak during the pumping period. As soon as the pump stops, the induced birefringence starts to freely evolve and contains frequent beats which are a manifestation of the quantum interference associated with a freely evolving coherent molecular state. There are three major groups of quantum beats, labeled as A, B, and C, in Fig. 3͑a͒ , and each has a different physical origin, as described in Eqs. ͑3.1͒-͑3.5͒. Figure 3͑b͒ depicts the evolutions of the pure population change terms ⌬ p (e,t) for the 1 1 ⌺ g ϩ (X) and 1 1 ⌺ u ϩ (A) states. The difference of these two curves at the times after the pump pulse has passed produces a constant position shift of the overall birefringence, as seen in Fig. 3͑a͒ . The roles of the pure rotational coherent motion inside electronic state are illustrated in Figs. 3͑c͒ and 3͑d͒, from which we clearly observe the regular recurrences of the quantum beats as argued before. When comparing Figs. 3͑c͒ and 3͑d͒ with Fig. 3͑a͒ , we can readily identify that the two groups of quantum beats, denoted as A and B, result from the molecular rotational coherent states associated with the two different electronic states 1 Fig. 3͑e͒ . The pure vibrational term ⌬ v1 (e,t) is rapidly oscillatory, with a periodic envelope, which constitutes the third group of quantum beats C in Fig. 3͑a͒ . Finally, Fig. 3͑f͒ displays the behavior of the mixed vibrationalrotational term ⌬ rv (e,t) whose amplitude at the early times is comparable to that of the pure vibrational coherence term ⌬ v1 (e,t) shown in Fig. 3͑d͒ and decays rapidly with no periodicity. Figure 3 shows that the pure rotational coherent beats are the dominant components of the overall induced birefringence. The reason for this behavior is that for each electronic state the polarizability for the same vibrational level, say n, is at least an order of magnitude larger than its off-diagonal counterparts, i.e., ͗n͉(␣ʈϪ␣ Ќ )͉n͘ϳ10 2 , ͗n͉(␣ʈϪ␣ Ќ )͉nϩ1͘ ϳ10, ͗n͉(␣ʈϪ␣ Ќ )͉nϩ2͘ϳ1, etc. Furthermore, the excited electronic state 1 1 ⌺ u ϩ (A) contributes more to the birefringence than the ground electronic state 1 1 ⌺ g ϩ (X) because the electronic polarizability of the former is larger than that of the latter.
The evolution structure of the pure rotational coherence terms, shown in Figs. 3͑c͒ and 3͑d͒, may be understood by carefully examining Eqs. ͑3.3͒ and ͑3.6͒, which shows that ⌬ r (e,t) with tϾT p can be expressed in terms of the Fourier transform of the functions G l (e,T p ) with respect to the odd and even quantum numbers of l. For the pump pulse shown in Fig. 2͑a͒ , the resultant functions G l (e,T p )ϵG l (e) are depicted in Fig. 4 . It is seen that G l (e) for the odd and even quantum numbers oscillate with almost the same rate but with different amplitudes, which results in the rotational quantum beats appearing with the time spacing 1/8B e (e). The peak widths in Figs. 3͑c͒ and 3͑d͒ are inversely proportional to the widths of the overall envelopes of G l (e).
Next, we consider the pump pulse, shown in Fig. 2͑b͒ , which has a square shape with cosine edges of a FWHM equal to 0.968 ps. 13 This pulse has a narrower bandwidth than the pulse shown in Fig. 2͑a͒ . The overall induced birefringence is depicted in Fig. 5͑a͒ , showing that the birefringence structure is quite different from that in Fig. 3͑a͒ ; the fast vibrational beats C are missing and the rotational oscillation has more structure with wider peaks. In Figs. 5͑b͒ and 5͑c͒, we display the evolution of the pure rotational coherence terms ⌬ r (e,t)-these are the only visible contributing sources in Fig. 5͑a͒-for ⌺ u ϩ (A) states, respectively. The contributions from the pure vibrational coherent beats and the mixed vibrational-rotational coherent beats are too small to be seen in Fig. 5͑a͒ . The functions G l (e) for the square pump pulse, shown in Fig. 2͑b͒ , are displayed in Figs. 6͑a͒-6͑d͒. Compared with Fig. 4 , the widths of the profiles in Fig. 6 become narrower and the oscillations are damped quickly at large rotational quantum number. Consequently, the corresponding pure rotational coherence evolution has more oscillatory structures with wider peaks. Physically, this fact may be the result of the lower bandwidth of the pump pulse which can only drive a narrow distribution of rovibronic levels.
The results shown in Figs. 3 and 5 indicate that the birefringence can be significantly changed by varying the shape of the pump pulse. Pulsed lasers are capable of generating complex shapes, 13 such as the odd pulse, shown in Fig.  2͑c͒ , which is obtained by a phase shift of half of the symmetric spectrum of the symmetric pulse shown in Fig.  2͑a͒ . For this odd pump pulse, the induced transient birefringence is depicted in Fig. 7͑a͒ , which contains much more complicated structures than those in both Figs. 3͑a͒ and 5͑a͒. Although the induced birefringence in this case is very oscillatory, we can still identify the pure rotational coherent beating patterns as clearly seen in Figs. 7͑b͒ and 7͑c͒. Similar to the second case, the visible oscillations in the birefringence come primarily from the pure rotational coherent beats. Clearly, the molecular coherent state generated by the odd pulse is very different from those produced by the even pulses, cf. in Figs. 2͑a͒ and 2͑b͒ ; this is demonstrated through the corresponding functions of G l (e) shown in Figs. 8͑a͒-8͑d͒. This shows the dependence of the resonant pump induced birefringence on the spectral phase of the pump pulse. Such spectral phase dependence of the birefringence has been also observed from other cases of studies, which are not shown in this paper.
IV. CONCLUSIONS
In this paper, we present a theoretical study of the dynamical evolution of the induced birefringence of a low density optically thin homogeneous molecular gas in a resonant pump-probe experiment. The evolving molecular coherent states excited by resonant pump pulses are described by second-order perturbation theory of the density operator. The propagation of a delayed weak polarized probe pulse in the nonstationary gas, created by the pump pulse, is described by the Maxwell equation through third-order molecular polarization. The expressions of the induced birefringence and dichroism are derived. It is further shown that in a nonresonant probe case, the induced birefringence is linearly proportional to the mean value of the electronic polarizability of the molecular gas and is composed of discernible components of pure population change, pure rotational, pure vibrational, and mixed rotational-vibrational origins.
Using Li 2 as an example, we showed that there are two main features in the induced birefringence: the step function and the quantum beats. The former feature results from the population changes in the rovibronic levels whereas the latter are dominated by the pure rotational coherent evolution, similar to the nonresonant pump and probe case.
8͑b͒ However, the physical origins of the coherent rotational state formation are fundamentally different in these two cases: one involves resonant Raman transitions and the other nonresonant Raman transitions. As a result, the birefringence measurements resulting from a resonantly pumped molecular gas experiment contain information on the molecular coherent motions in both the ground and excited electronic states. These measurements are capable of being inverted 43 to yield useful information, including rotational constants and anharmonicities, of the potential energy curves ͑surfaces͒ of the electronic states under consideration. Moreover, the temporal structure of the induced birefringence can be quite different for pump pulses of distinct shape, phase, and carrier frequency. The relationship between the induced birefringence and the shape of the pump pulse in the resonant case is much more subtle than that in the nonresonant case. Control of rovibronic motion viewed with birefringence observations captures many of the physical features of general dynamics control, and such control measurements may form a valuable testing ground for the basic concepts. In addition, controlled molecular birefringence may be useful for a variety of applications including optical filters in signal processings, 44 nonlinear optical switching with birefringence gratings, 45 and polarization control for communications. 46 
